The PML-RARα fusion gene, generated by the t(15;17) chromosome translocation, is regarded as the initiating factor of acute promyelocytic leukaemia (APL). In addition to the well-known effects on blocking myeloid differentiation at the promyelocytic stage, promyelocytic leukaemia-retinoic acid receptor α (PML-RARα) has also been reported to interfere with multiple differentiation processes, including erythroid differentiation. However, the detailed molecular mechanism by which PML-RARα 
expressed at the early stage of hematopoietic hierarchy such as multipotent progenitors rather than committed myeloid progenitors and promyelocytes only, [6] [7] [8] indicating that the influence of PML-RARα may not be limited to myeloid cells but other lineages of blood cells as well. Furthermore, PML is consistent with the previous finding in early hematopoiesis and erythropoiesis, 9 suggesting that the disrupted expression pattern of PML by PML-RARα may affect normal erythropoiesis. Indeed, it has been reported that PML-RARα can interfere with hemin-induced erythroid differentiation in K562 cells, 10 further supporting the idea that PML-RARα may impair erythropoiesis. However, the molecular mechanism by which PML-RARα influences erythroid differentiation is not yet clear.
LMO2 (LIM-only protein 2, also known as RBNT2), is an important regulator of hematopoietic stem cell development and erythropoiesis, as mice deficient in Lmo2 show a complete lack of blood cells and defects in the formation of foetal erythrocytes. 11 LMO2 has been demonstrated to function as a bridge molecule and assist in the assembly of multimeric transcription factor complexes. LMO2 is capable of inducing erythroid differentiation through the interaction with transcription factors, including SCL, E2A, LDB1 and GATA-1. 12,13 Such a transcriptional complex regulates the expression of erythroid-specific genes, such as the α-globin genes, 14 EKLF 15 and glycophorin A (GPA). 16 Knockdown of LMO2 results in the disassembly of this transcriptional complex and thereby attenuates the chromatin occupancy of GATA-1 and LDB1, 17 ultimately leading to the dysregulated expression of erythroid-specific genes. Moreover, forced expression of LMO2 is able to rescue the defective erythroid differentiation caused by c-myb silencing in CD34 positive cells. 18 The above findings indicate the important role of LMO2 in erythropoiesis.
In the present work, we found that PML-RARα but not wild-type RARα bound to the distal promoter of LMO2 and thereby down-regulated the expression of LMO2 through decreasing the promoter activity. We showed that LMO2 expression was significantly lower in APL patients than that in non-APL AML patients. Functionally, LMO2
expression was up-regulated in umbilical cord blood (UCB) 
| MATERIALS AND METHODS

| Cell lines culture
U937-PR9 was a gift from Dr. PG Pelicci (Milan, Italy 
| Chromatin immunoprecipitation analysis
Chromatin immunoprecipitation (ChIP) assays were performed according to the Affymetrix protocol as described, 19 with the fol- LMO2-DP-F: 5′-GCACTTATAACTGTTCAGACC-3′; LMO2-DP-R:
| Gene expression analysis
Three transcriptome data sets of AML patients, including TCGA, 20 GSE10358 21 and GSE1159, 22 were used to compare the expression of LMO2 between APL and non-APL patient samples. To perform interarray comparison, the CEL files were analysed by Affymetrix MAS 5.0 software (Affymetrix, Santa Clara, CA, USA).
Two-tailed t-tests were used to validate the significance of the observed differences, which were considered statistically significant when P < 0.05.
| Gene Ontology analysis
ChIP-Seq data set GSM552237 23 is considered statistically significant.
| RESULTS
| PML-RARα binds to the distal promoter of
LMO2
To identify the potential genes that might be involved in the inhibition of erythroid differentiation in the pathogenesis of APL, we screened the PML-RARα targets that we previously discovered from genome-wide studies. 24 Interestingly, we found that PML-RARα was significantly enriched in the distal promoter region of LMO2 (Figure 1A ). Three alternative transcripts of LMO2 have been identified so far, among which the distal promoter is regarded as an erythroidspecific promoter due to the direct regulation by GATA-1. 25 To verify the PML-RARα binding on the distal promoter of LMO2, we performed ChIP-PCR assays in ZnSO 4 -treated PR9 cells and APL patient-derived NB4 cells using anti-PML and anti-RARα antibodies.
As illustrated in Figure 1B , the positive bands were only amplified in the ChIPed region in ZnSO 4 -treated PR9 cells and NB4 cells but not in untreated PR9 cells. These results indicate that PML-RARα rather than wild-type RARα binds to the distal promoter of LMO2 in APL cells.
| PML-RARα down-regulates the expression of
LMO2 through transcriptional repression of the LMO2 distal transcript
The next question we asked was whether such binding affected the transcription of LMO2. To answer this question, we first scanned the enriched motifs within the LMO2 distal promoter. As shown in Figure 2A , we found two half sites of retinoic acid responsive elements (RAREs) with 300 bps of each other within the PML-RARα binding peak. To determine if PML-RARα represses LMO2 transcriptional activity, we conducted promoter reporter assays using the distal promoter of LMO2 in 293T cells, a nonhematopoietic cell line. As illustrated in Figure 2B , after cotransfecting the PML-RARα expression construct, we observed that the distal promoter activity of LMO2 was transrepressed by PML-
RARα. Interestingly, wild-type RARα had no impact on LMO2 transcriptional activity, which was in line with the ChIP result that 
| LMO2 is expressed at a lower level in APL than in non-APL AML subtypes
The above observations demonstrated that PML-RARα repressed the LMO2 expression via targeting the LMO2 distal promoter, which indicated a negative correlation between PML-RARα and LMO2 in APL.
To further verify the correlation between PML-RARα and LMO2 in a large population, we retrieved three data sets (TCGA, GSE10358 and GSE1159) on the expression profiling of 743 AML patients, [20] [21] [22] including 76 APL patients and 667 patients with other AML subtypes.
Using these data sets, we compared the LMO2 expression values between APL patients and non-APL AML patients. As shown in Figure 3 , the large-scale gene expression revealed that LMO2 was expressed at a lower level in APL patients as compared with non-APL AML patients, further confirming that LMO2 expression was specifically down-regulated with the expression of PML-RARα in APL. cytokine cocktail. 6 Disrupted erythroid differentiation by the oncogenic fusion proteins is also associated with the pathogenesis of t (8;21) AML. AML1-ETO is able to result in a gross inhibition of erythroid colony formation and thus inhibit early erythroid development. 33 These observations strongly suggest a global differentiation F I G U R E 3 LMO2 is expressed at a lower level in APL than in non-APL AML subtypes. Three gene expression profiling data sets were retrieved, including TCGA, 20 GSE10358 21 and GSE1159. 22 The difference in LMO2 expression between APL and non-APL AML subtypes was assessed using the two-tailed t-test. in between. 24 The two RAREh sites within the LMO2 promoter were around 300 bp apart, raising the possibility that the two RAREh sites could be spatially close due to the high-order structure of chromatin.
In addition to LMO2 per se, we also looked at LMO2 target genes and focused on the genes with differential expression between APL and non-APL patients. Interestingly, we found that these genes were enriched in several signalling pathways critical for erythropoiesis. For instance, activation of PI3-kinase is crucial for cell proliferation of erythroid progenitors. 28 Moreover, PI3-kinase/AKT signalling pathway is regarded as a mediator in EPO-induced erythropoiesis through favoring GATA-1 transcription. 27 Ras signalling pathway negatively regulates erythroid maturation by observing that overexpression of RAS blocks the differentiation of erythroid progenitor cells. 26 process from promyelocytes to neutrophils. 41, 42 In contrast, ATO treatment could restore LMO2 expression in NB4 cells ( Figure S1A ).
Our data likely indicate that ATO but not ATRA has the ability to reactivate LMO2 expression in APL cells.
Collectively, our findings identify LMO2, as a downstream target of PML-RARα, whose dysregulated expression is associated with the failure of erythropoiesis in APL. Our data not only reveal a molecular mechanism of PML-RARα-mediated erythropoiesis inhibition but also provides evidence that PML-RARα has broad impacts on multiple lineages of blood cells rather than myeloid lineage only.
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